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SUMMARY 



Tests were made in the N.A.C.A. 20-foot wind tunnel 
on: (1) a wing, of 6.5-foot span, 5.5-foot chord, and 30 
percent maximum thickness, fitted with large end plates 
and (2) a 16-foot span 2.67-foot chord wing of 15 percent 
maximum thickness to determine the increase in lift ob- 
tainable by removing the* boundary layer and the power re- 
quired for the blower. 

The results of the tests on the stub wing appeared 
more favorable than previous small-scale tests and indi- 
cated that: (l) the suction method was considerably supe* 
rior to the pressure method, (2) single slots were more 
effective than multiple slots (where the same pressure 
was applied to all slots), the slot efficiency increased 
rapidly for increasing slot widths up to 2 percent of the 
wing chord and remained practically constant for all larger 
widths tested, (3) suction pressure and power requirements 
were quite low (a computation for a light airplane showed 
that a lift coefficient of 3.0 could be obtained with a 
suction as low as 2.3 times the dynamic pressure and a 
power expenditure less than 3 percent of the rated engine 
power), and (4) the volume of air required to be drawn off 
was quite high (approximately 0.5 cubic feet per second 
per unit wing area for an airplane landing at 40 miles per 
hour with a lift coefficient of 3.0), indicating that con- 
siderable duct area must be provided in order to prevent 
flow losses inside the wing and insure uniform distribu- 
tion of suction along the span. 

The results from the tests of the large- span wing 
were less favorable than those on the stub wing. The rea- 
sons for this were, probably: (l) the uneven distribution 
of suction along the span, (2) the flow losses inside the 
wing, (3) the small radius of curvature of the leading 
edge of the wing section, and (4) the low Reynolds Number 
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of these tests, which was about one half that of the stub 
wing. The results showed a large increase in the maximum 
lift coefficient with an increase in Reynolds Number in 
the range of the tests. 

The results of drag tests showed that the pro-file 
drag of the wing was reduced and the- - L'/r ratio was in- 
creased throughout the range of lift coefficients corre- 
sponding to take-off and cLimb but 'that the minimum drag 
was increased. The slot arrangement that is best for low 
drag is not the same, however, as that for maximum lift. 



IHTHODUOTIOH 

Boundary- layer control tests -made with small models ' 
at this laboratory ;(l.N. 323) and abroad ( T . M • 634) have 
shown that this method offers a powerful means of increas- 
ing the maximum lift and the range of angles of attack 
for safe flying. 

The present report presents some Of the results- of an 
investigation conducted in the F.&.C.J.. 20-foot wind tun- 
nel on two large model wings made to determine the practi- 
cability of the method, the lift ■ increase that may be re- 
alized, and the power required to control the boundary 
layer. 

The preliminary tests were made on a wing, of 6.5- . 
foot span, 5.5-foot chord and a maximum thickness of 30: 
percent chord, fitted with large end plates to increase 
its effective aspect ratio. The great thickness and short 
span facilitated the tests by allowing: (l) the blower to 
be installed directly inside the wing and (2) a great num- 
ber of variables to be studied in the shortest possible 
time. 

The second wing section was chosen to be representa- 
tive of the conventional wings found in practice although 
it was realized that this feature did not meet the opti- 
mum requirements for boundary- layer control. The two 
wings then represent the two extremes of thickness and 
camber « The optimum wing for boundary- layer control will 
probably be somewhere between the two. 
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MODELS 
6.5-Joot Wing 



The model used for the preliminary tests (figs. 1 
and 2) had a maximum thickness of 30-percent chord, a 6.5- 
foot span, a 5.5-foot chord and was fitted with end plates 
to increase the effective aspect ratio. The motor-driven 
fan was mounted inside the wing and could he made to in- 
duct or discharge air at the end of the wing according to 
whether the boundary layer was being energized by eject- 
ing the air through spanwise backward-opening slots or re- 
moved by sucking it into the wing through spanwise normal- 
opening rectangular slots. 

16-Foot Wing 

The model for the second series of tests consisted 
of a 16-foot span, 2.67-foot chord wing with the H.A.C.A. 
2415 airfoil section (i.e., 2 percent maximum camber at 
the 40 percent chord station and 15 percent maximum thick- 
ness) having a streamline fuselage attached to the bottom 
of the wing in which the blower was mounted. The fan in 
this case discharged the air in a backward direction at 
the tail of the fuselage (fig. 3). The wing was fitted 
with a 30 percent hinged trailing-edge flap that could be 
deflected 15°, 30° , 45°, or 60°. A removable 25 percent 
chord split flap was also provided. 



TESTS 



With the stub wing, tests were made both by the meth- 
od of energizing the boundary layer by discharging jets of 
air in a backward direction along the top surface of the 
wing and by sucking the boundary layer into the wing. 
Various slot locations, slot sizes, and wing pressures 
were tried in both cases. 

Measurements were made of the lift of the wing, the 
power input to tho blower, the wing pressure, and the vol- 
ume of air handled by the blower. The tests were made at 
an air speed of approximately 40 miles per hour. 

In the second series of tests only the suction method 
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was used. Various slot locations, wing pressures) and 
flap deflections were tested. The split flap was only 
tested at one angle (50° to chord line). 

The greater part of these tests was, made at a wind 
speed of 30 miles per hour. This low speed was desirable 
In order to make the ratio of wing pressure to the dynamic 
pressure as large as possible. A few tests were made at 
several higher speeds in order to determine the effect of 
scale on the maximum lift. 

A few tests were made at an air speed of approximately 
80 miles per hour to determine the effect of "boundary- layer 
control on the drag characteristics, especially in the 
range of lift coefficients corresponding to the take-off 
and climbing conditions. 



RESULTS AND DISCUSSION 
6.5~:Foot Wing 

The results of lift and drag measurements are present- 
ed in the form of the usual nondimensional coefficient. 
The wing pressure is given in terms of the dynamic pres- 
sure , i.e.," 

P _ ____ win g pres su re ZHHZSl . *h H< ' f.'j 

q dynamic pressure of air stream 

and may lie either positive or negative according to whether 
the boundary layer is "being "blown or sucked off. Two ad- 
ditional coefficients are also used; (l) a power or equiv- 
alent drag coefficient formed from the "blower power, the 
tunnel velocity and the wing area, 

( 4 input powe r to "blower (ft. -lb. /sec . ) 

° D S ~ qSV 

(2) a volumetric coefficient A 

volume of air ( cu.f t */s ec • ) 
Cq _ __ 

The coefficient ( C D ) as previously defined is ob« 

V i f V 0 i> 

'■' / Kj C, ' f 



viously affected "by the efficiency of the "blower; hence 
should not he used in comparing results obtained with dif~ 
ferent arrangements of the "blower. For such comparisons 
the "blower efficiency should "be eliminated "by computing 
the coefficients for an "ideal" "blower. This coefficient 
is simply the product 

C-n (ideal) = Qq(Z + l\~ } 

This coefficient is only used in this section in comparing 

the present results among themselves and with previous mod~ 

el results. Unless otherwise indicated, C-n is "based on 

S 

the input power to the "blower. 

Pressure slots,." Typical lift curves for the "backward 
opening slots are shown in figure 4 for four values of the 
wing pressure (P/q) and are compared to the lift without 
control.. The effective aspect ratio of the stub wing with 
end plates is approximately 3.5. This value explains the 
low lift-curve slope. For- an aspect ratio of 6.0 the lift 
coefficient = 3.0 would occur in the neighborhood of 

32° angle of attack. 

The maximum lift obtainable with a given power coeffi- 
cient is shown in figure 5 for various slot sizes at the 
42-percent chord location. Within the range tested the 
4r-inch slot (i.e., 0.75-percent chord) appears to "be the 
"best width. 

v 

Large _Sf£ct ion_s lot s.~ A' typical set of lift curves 
for the suction type slot is shown in figure 6 and the 
maximum lift is plotted against power coefficient in fig- 
ure 7. The most interesting features of these curves are 
the low suction pressures and low power coefficients re- 
quired in comparison with those of the pressure slots. 
Figure 8 presents a comparison pf the results of the suc- 
tion and pressure methods of control -with previous test 
results. The coefficients of power are all computed for 
an ideal "blower. The suction slots are seen to he several 
times more efficient than the pressure slots. The reason 
for this difference is that both the pressure difference 
and the volume of air required are greater by the pressure 
method than by the suction method. A. comparison of the 
volumetric coefficients is given in figure 9. 
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Slot location.- The best slot location for maximum 
lift is indicated by figure 10 to "be at about the 54- 
percent chord station. 

S lo t size.- The efficiency of the slot increases rap- 
idly with slot size up to about 2 percent of the chord; 
then remains approximately constant for all the larger 
sizes tested (fig. 11). 

Mu ltip le- slot arrangements.- A few mult iple- slot ar- 
rangements were tried" with both methods of control. The 
results for the best of these are shown in figure 12. 
lone of these arrangements appears as favorable as the 
best single-suction slot. 

It is obvious that these results do not represent the 
optimum that may be obtained from multiple slots since it 
was not practicable in these tests to apply to each indi- 
vidual slot the correct suction according to its location 
on the wing chord. Further tests along this line were 
considered outside the scope of the present investigation. 

The results for a perforated cover (i.e., a series of 
1/32-inch spanwise slots spaced 2 inches apart along the 
wing chord) are included in fig. 8,- 

A few tests were made with a forward-opening suction 
slot at the 50-percent chord location. A 1-inch slot gave 
results (not shown) better than the best pressure-type 
slot but not as good as the best normal-opening suction 
slot, 

Summary__of jp_reliminary_t est s In spite of the unusual 
wing section and short span of the wing model, several in- 
teresting facts were brought out by the preliminary tests: 
(l) The suction-type slot appeared to be several times 
more effective than the backward-opening pressure-type 
slot. (2) A single large suction slot appeared to be bet- 
ter than any multiple- slot arrangement when the same suc- 
tion was applied to all slots. (3) The efficiency of a 
slot increased very rapidly for increasing widths up to 2 
percent of the wing chord and remained approximately con- 
stant for all larger sizes tested. (4) For this thick 
section with its well-rounded leading edge, the best slot 
location was hear the midchord of the wing. 
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Tests on a 16-Foot Wing 

In accordance with the finding of the preliminary- 
tests only the suction type of slot was investigated with 
the 15-foot wing. 

It was anticipated that in going to a large span and 
a comparatively thin wing, some difficulty would he ex- 
perienced in obtaining uniform distribution of the quan- 
tity of air sucked off the wing along the span "because of 
the flow losses inside the wing and the increase in the 
velocity of flow from the tip to the center of the wing. 
In order to minimize this effect the slots were tapered 
from a width of 0.0234C at the center to 0.035C near the ( 
tip. The shape of slot was determined "by adjusting the }| 
taper until the product of the square root of the wing 
pressure and the slot width at all points along the span 
was constant. This result was determined with the wind 
tunnel running and the wing set at a high angle of attack 
below the "bur hie point. It should be noted that the thin 
rectangular wing is thus handicapped at the start since 
an excess suction must he provided throughout the span in 
order to provide the minimum suction required near the 
wing tips. The tapered slot minimizes this effect to some 
extent, hut does not eliminate it. 

The results of the tests on the 16-foot wing are pre- 
sented in figures 13 to 24. For convenience the results 
are divided into four parts. The first part deals with 
the normal wing (figs. 13 and 14), the second with the 
plain flap (i.e., hinged trailing edge) (figs. 16^ 16, and 
17n the third with a 25 percent split flap (figs. 18-t~0" ;<? f,t t 
22)\ and the fourth with the effect of boundary-layer con- 
trol on the drag and L/D for the conditions of gliding 
flight, take-off, and climb (figs. 23 and 24). 

£i.§.i?i_.wing.- The effect of removing the boundary- 
layer from the 16-foot wing is principally a small in- 
crease in the slope of the lift curve and the delay of 
the stall. There is also a slight shift of the angle of 
zero lift to lower values hut this effect is slight com- 
pared with what it was on the thick wing. The lift curves 
are shown in figure 13 for six slot locations. The blower 
speed is constant for all of the tests and the power ap- 
proximately so. The maximum lift increases as the slot is 
moved forward on the chord. The best slot location . appears 
to lie between the 20-percent and the 11-percent chord lo- 
cations. This result is also indicated by the curves of 
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maximum lift against power (fig. 14). All the power coef- 
ficients in this section are computed from the air pres- 
sure and volume. 

The low maximum lift obtained without control is 
probably due to the low Reynolds Number of the tests 
(about 650,000). A rapid increase in the maximum lift 
with increasing Reynolds Number is shown by the curve in 
figure 15. This increase indicates that these lift re- 
sults should be increased from 15 to 20 percent when com- 
paring them with those of the thick wing in the previous 
sec-tion. 

Plain flap.- The lift curves for various flap deflec- 
tions, with and. without control, are shown in figure 16, 
The slot for this condition is located on the flap itself, 
3 percent aft of the hinge axis or 73 percent aft of the 
leading edge of the wing. These curves and those in fig- 
\ ure 17, for which the slot was located on the main wing 
1 at 20 percent of the- chord, afford an interesting compar- 
I ison*. Tor the latter condition the maxim um, JLi ft for .^1.1 

tks-flap. d_ef lect.iQ.ns is somew hat gre ater than for the wing 

without the flap and, in all cases, -the ""stall" occuiaT A^Ve 
30 o '*angle'""o"f' attack. The slope of the lift curves, how- 
ever , is less than that of the 0° flap setting, probably 
because of the separation of the flow on the flap itself. 
Contrast the slope of these curves and their separation 
with that of the lift curves in figure 16. Here the slope 
of the curves is the same as for the 0° flap angle and the 
curves are separated by a distance about three times as 
great as in the former case. Only two of . the flap angles, 
30° and 45°, give maximum lifts greater than that of the 
best condition for the wing alone, but these maximum lifts 
are obtained at very much lower angles of attack. 

Slot locations near the trailing edge appear to be 
more effective in maintaining a high lift-curve slope; 
whereas those near the leading edge are more effective in 
holding the flow at high angles of attack. from this re- 
sult it would appear desirable, on this section at least, 
to use two slots, one at the front and one at the rear.. 

from considerations of blower power required to ob- 
tain a maximum lift, the flap arrangements all appear to 
be better than the wing alone (fig. 18). 



Sp.iit._f. lap_.- It is interesting to' note that the slope 
of the lift curves, using a split flap, is very little 
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different with and without control and that practically the 
whole increase in lift with control is obtained "by delay- 
ing the hurtle to higher angles of attack (fig. 19). This 
arrangement was the most favorahle tested "both with respect 
to maximum lift and "blower power (figs. 20 and 21). As _in 
the case of the plain wing j^he ^8rt_jBlo1f. lft ftflitl** 1 ^ 1p HfifiT 
thT^2T5^pe^rcent chord line. This "result is shown in a dif- 
ferent ian£er"in''figir?'12 where the maximum lift for a 
constant blower power (Cdq = 0.15) is plotted against 

slot location. 

Comparing the best of these results (fig. 21) with the 
"best of those obtained with the thick wing (fig. 8), it is 
clear that even though the present lift coefficients were 
increased 20 percent to allow for the difference in the 
scale of the tests, t he po w e r r equip e d _ to .opt a in a g iven , 
lift coeffi cient wo uld still he several^ times ; thaJ^x®33iA re ^ S 
wi taj^eTfE|.Sfe, JLl a g • This""reiult "is not surprising consid- 
ering th~e small radius of curvature of the leading edge of 
the present wing in comparison with that of the thick one 
and the difficulty, mentioned "before, of obtaining uniform 
suction along the span. 

Effec t on angl e of glide." The gliding-flight char- 
acteristics of the wing with the fuselage are shown in 
figure 23 with and without control for the normal wing and P 
the wing with split flap. The L/D , hence the gliding 
angle at the maximum lift of the normal wing, is almost 
identical with and without control. In case of the split 
flap, however, there is a small decrease in L/D at the 
maximum lift with control; hence the gliding angl e wou 1 d 
be increased slightly with contEoT".' It should he noted 
that the d"rag coefficients "plotted here are computed from 
the measured drag and do no t ^inc lTide the equivalent drag 
to account for the power of the blower, hence are not ap~ 
plicahle to power flight. The negative dra g coefficients 
t hat occur at low angles of attack simply indicate that 
the re action of the "blower je t, for this high "blower power 

coefficient , is greater than the drag of the win g , i.e. , 

the let is propelling the wing. This condition is of lit- 
tle practical significance since it is hardly conceivahle 
that such a propulsive system could be made as efficient 
as a simple screw propeller; with the present-day airplane 
at least. 

Effect on drag an d l/l? ratio,.- All of the foregoing 

discussion has had mainly to do with the landing, or power- 
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off flight, condition, where ■ considerations of drag are 
of only minor importance. In a consideration of the power- 
on flight conditions of take-off and climb, however, the 
drag characteristics are of major importance. To the 
drag of the wing* therefore, must he' added an ' equivalent 
drag coefficient to account for the power expended by the 
"blower. This drag coefficient is identical with the power 
coefficient 




that has "been used in the previous, paragraphs. That it may 
alsOD be used as a drag coefficient is seen from the follow- 
ing identity 

D S - qSV qSV 
where - D Q is defined as an equivalent drag. 

Furthermore, since- the hlower power varies as the cube 
of the speed of translation, the high coefficients neces- 
sary for the maximum, lift condition are of little interest 
in the range of take-off and climh. Hence a special series 
of tests were run for this condition. These tests were 
made at a tunnel speed of about 80 miles per hour and the 
slot was located near the trailing edge of the wing (91- ' 
percent chord). This slot location was chosen for several 
reasons. First , • the previous tests indicated that for the 
same hlower power the lift-curve slope increased slightly 
as the slot was moved away from the leading edge. Second, 
with respect to economy of hlower power thje_^jii_liag- edge 
lo cat lon.._appear s, t o _be_ the._me.gt_ logical p lac e to take " in 
i the alfr-,, s ince the velocity in the^'houndary r 'Xayer '"x s'Tow*- 
e 8tlJ*$...lM,aJB^itot and~Th'e pressure "oii"lop of the wing is 
highest,. The e xhau sT "v^3 locity of the TaZvwer : i$&-&~npprttTi>- 
mately equal to the tunnel velocity for these teste. 

; The polars with and without control are compared in 
figure 24. The abscissa in this case is the sum of the 
measured drag coefficient plus the equivalent drag coeffi- 
cient (C D + C Dg ). The profile drag is considerahly re- 
duced throughout the range of lift coefficients correspond-* 
ing to take-off and climh and, in consequence, the l/e 
ratio is correspondingly increased. The minimum drag is 
increased somewhat hy boundary-layer control. 



11 



conclusion 



It is interesting to compute how much power would he 
required to control the flow on an actual airplane. The 
following example is worked out for a light airplane. As- 
sume 

Wing area 160 sq. ft. 

ling loading, W/s , 10 lh./sq. ft. 

Maximum C^ ......... 3.0 

Blower efficiency ..... 65 percent 

Engine horsepower . 95 

!rom curve A in figure 8 the Dlower power coefficient 
required for a lift coefficient of 3.0 is 

C Dc = 0.028 = E2I2E = _^ower 
DS qSV S \ p V 3 

V in this case is the stalling speed which for the fore- 
going wing loading and lift coefficient is 53.1 ft. /sec. 

Blower power then = — ; 

hlower efficiency 

= 1,230 ft. Id. /sec. 

= 2.24 horsepower 

The volumetric coefficient for the same lift is ob- 
tained from figure 9. 

C Q = .SL = 0.0085 

the volume = Q = 0.0085 X 53.1 X 160 = 72.2 cu. ft ./sec.. 
The suction required is 

UpAO - ° D S , _ 0.028 _ 



12 



or (~P) = 2.3 X 3.36 = 7.72 lb./sq. ft. 

From this example it is seen that the power and suc- 
tion: required are extremely low. The volu'me of air handled 
per unit, of time, however, is quite -high and indicates the 
■need of 'considerable duct area in order to keep the flow 
losses inside the wing at a minimum and keep a uniform suc- 
tion throughout the span. This requirement can possibly 
be met by using- a tapered wing. Such a wing' is now under 
construction. This wing also has a higher camber and 
thickness than most conventional wings. 



Langley Memorial Aeronautical Laboratory, 

National Advisory Committ ee- for Aeronautics Y 
Langley Field, Va., March 20, 1935. 




Figure l.~ Wing and blower for boundary-layer tests. 
Pressure-slot arrangement. 
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Figure 4.- Effect of sing presume on lift. Baokward-opening pressure slot 
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Figuie 5.- Baoknard opening pressure slots. 
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Figure 6.~ Effect of wing pressure on lift. Suction slot normal to surface. 




.4 



0 



.1 



.2 



.3 



Power coefficient, C Ds = P< ^gy 

Figure 7.- Large suction slots normal to surface. 
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Figuxs 8.- Comparison of most favorable slot arrangements with previous model 
tests. Ideal blower . 
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figure 9„» Comparison of most favorable slot arrangements witn 
previous model tests 0 
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Figure 14,- Variation of maximum lift with blower power and. 
•lot location. Koraal sing. Ideal blower. 
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Figure 16.- Ooapaxison of lift with and without oontrol, slot on flap. Wing with plain flap. 
Blower speed oonstant. 
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Figure 17.- Lift curves with slot on Bain wing. Wing with plain flap. Blower speed constant. 
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Figure 18.- Maximum lift variation with blower power. 
Plain flap. Ideal . biojrax.. 
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Figure 19.- Lift curves with and without control. Wing with split flap. Blower speed constant. 
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Figure 30.- Maximum lift variation with blower power. 
Split flap 50°. Ideal blower. 



H.A.O.A. 



Figs. 81, 38 



3.2 
3.0 
2.8 
2.6 
2.4 
2.2 

H 
O 

«j 2.0 



to 



1 

I 



























































c 


















































1 


























I 


























L 


























1 / 


























I 




* 

* 




















J 




' — J 

/ 

/ 

/ 






















r 


y 

/ 

/ 


























-J- 

/ 
























/ 

/ 

1 


























■ t 

1 
1 


























1 






































































































































































































_ t- 


?n° 














Plain flap ~30° 




















A 


formal wing 
























































































































r 




















































> 















































































0 



.1 



.2 



.3 



.4 



.6 




0 20 40 60 80 100 
Slot location, % chord 

Figure 22.- Effect of slot location. Wing with split flap. 



Figure 31.- Comparison of maximum lift with normal wing, plain flap 
and split flap. Ideal blower. 
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riguxa 33.- ling onaraoteristioa with and without oontrol for gliding flight. 
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